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Abstract 
Traditional direct sub-metering method suffers from high cost and installation difficulties in the actual construction. Especially, 
the HVAC end-use energy consumption measurement is extremely difficult, because it is always mixed together with lighting-
plug submeter or power submeter. This paper presents a approach based on the Fourier series model (FSM) for modeling the 
lighting-plug submeter energy consumption in existing office buildings, and then spliting the HVAC end-use energy 
consumption data. As a grey box model FSM has two key advantages compared with black box model, (1) the model is simple, 
people can understand and use it easily even if non-professionals and (2) once the model is established, it can be copied to other 
same type buildings directly. A real office building in shanghai is analyzed in this paper. And the full year HVAC end-use energy 
consumption disaggregation result is good. The ARE (average relative error) and CV (coefficient of variability) both are within 
5%. 
 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ISHVACCOBEE 2015. 
Keywords: Indirect submetering; HVAC end-use; Lighting-plug submeter; Day type 
1. Introduction 
Building consumes more than 30% of the global energy consumption [1]. In China, building sector accounted for 
28% of total energy use in 2012 [2]. To realize commercial building energy conservation and retrofit one key basis 
is detailed energy consumption sub-metering data. In China, specified in Document No.114 issued by MOHURD 
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“sub-metering should be applied in large public buildings and total building energy consumption should be 
classified into four main subentries and several secondary subentries” [3]. Such direct sub-metering method suffers 
from high cost and installation difficulties in the actual construction. Especially, the HVAC end-use energy 
consumption measurement is extremely difficult, because it is always mixed together with lighting-plug subentry or 
power subentry for the reason that existing electrical circuit cannot be changed. Only indirect measurement methods 
can be used to solve this problem. There are several incentives in HVAC end-use energy consumption 
disaggregation, (1) to make the sub-metering result more accurate, (2) to do a better energy control of building, 
especial, HVAC system, (3) to do building energy efficiency diagnosis and main equipment fault diagnosis. There 
are several incentives in HVAC end-use energy consumption disaggregation, 1) to make the sub-metering result 
more accurate, 2) to do a better energy control of building, especial, HVAC system, 3) to do building energy 
efficiency diagnosis and main equipment fault diagnosis. 
Recently, many researchers studies on HVAC system energy consumption prediction and building end-use 
energy disaggregation, such as regression methods [4,5], artificial neural networks (ANN) methods [6,7], building 
simulation methods [8,9] and decision tree method[10,11], etc. The regression method is comparatively simple and 
efficient, but its accuracy is low, while the ANN and decision tree model are just the opposite. Especially, the black 
box model, such as ANN, is too difficult to understandable and interpretable for the non-professional people. Pandit 
and Wu [12] found that the pattern of hourly energy use in almost all commercial buildings was periodic, so the set 
up the miniature of Fourier series model. A. Dhar et al. [13-15] made further researches and indicated that weather 
independent and weather dependent energy consumption should be modeling separately, and weekdays and 
weekend should be modeling separately. Fourier series functional form has two key advantages (1) the model is 
simple, people can understand and use it easily even if non-professionals and (2) once the model is established, it 
can be copied to other same type commercial buildings directly. In this paper an indirect sub-metering method of 
HVAC end-use with Fourier series model is presented. 
 
Nomenclature 
CV         coefficient of variability (%) 
RE          relative error (%) 
MRE       mean relative error (%) 
EE           HVAC end-use energy use (kWh) 
LME         mixed lighting-plug submeter energy use including HVAC end-use (kWh) 
LE           lighting-plug submeter energy use (kWh) 
L_OfficeE    lighting-plug submeter energy use in  office building (kWh) 
mD , mE , nG , nK , mJ , mO , nP , nN    coefficients of Fourier series model frequencies 
mZ          Fourier frequency for day 
nZ           Fourier frequency for hour 
d             day of year 
h             hour of day 
mSD        mth sine frequency of day  
mCD       mth cosine frequency of day 
nSH        nth sine frequency of hour 
nCH        nth cosine frequency of hour 
MiE         measured energy use data of ith  data point (kWh) 
iPE         calculated energy use data of ith  data point (kWh) 
N           total number of data points 
iP           instantaneous power (kW) 
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2. Fourier series model 
Previous researches [16] have proved that lighting and equipment energy use is vary periodically in daily and 
annual cycles and not depend on ambient temperature and other weather variables. According to above theory a 
weather independent and time dependent general Fourier series model is pre-built for the research in this paper as 
following equations (1-1)~(2-4). Where a  is the constant mean hourly submeter.  df represents the seasonal 
hourly submeter amplitude with the day frequency and year cycle.  hM  represents the diurnal hourly submeter 
amplitude with the hour frequency and day cycle. Addition of  d,hI  enables the model to represent submeter 
shape amplitude with combined effect of day and hour. And H  is the residual. In the following sections specific 
Fourier series models used to calculate lighting-plug submeter in office building is set up through stepwise 
regression method. 
E LM L-E E E                                                                                                                                                         (1) 
where   
     d h d,hLE a f M I H                                                                                                                          (2) 
  > @max m m m
1
d sin(2 )d cos(2 )dm
m
m
f D SZ E SZ
 
 ¦
                                                                                               (2-1) 
  max n n n
n 1
n
h sin(2 )h cos(2 )hnM G SZ K SZ
 
ª º ¬ ¼¦
                                                                                                  (2-2) 
  > @ > @max max m m m m n n n n
1 n 1
n
d,h sin(2 )d cos(2 )d sin(2 )h cos(2 )h
m
mI J SZ O SZ P SZ N SZ
  
  u ¦ ¦
                                 (2-3) 
m
m
365
Z  
, m=1~182, 
n
n
24
Z  
, n=1~12                                                                                                        (2-4) 
Generally Fourier series model has been built as above. Now some criteria are selected to evaluate the model and 
the definitions as follow equations (3)~(5). 
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Mean relative error (MRE)             
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3. Special Fourier series model for lighting-plug submeter 
The specific Fourier series model for the real office building is established by stepwise regression method in this 
section. However, a problem that how many day types are included in different buildings has to be solved fist. 
3.1. Day type 
The lighting-plug submeter data of the real office building studied in this paper from Apr. 10 to Jul. 18 in 2013 is 
shown in Fig. 1 and the building information is presented in Table 1. The continuous two days with low energy 
consumption is weekend (red circles in Fig. 1) and continuous low energy consumption time over two days is 
holiday (orange circles in Fig. 1). Generally, there are five weekdays in one week, while some times it is less or 
more than five days due to holidays or shifting work (black circles in Fig. 1). From Fig. 1 it is can be concluded that 
energy use characteristic in all working days are nearly the same and in different non-working days are also very 
similar, but characteristic difference between working days and non-working days is very large. This conclusion is 
consistent with A. Dhar et al.’s. The mean daily lighting-plug submeters are listed in Table 2. Based on this table, it 
can be concluded that there are two day types in building A ‘Weekday (0)’ and ‘Weekend+Holiday (1, 2, 3)’. 
 
 
Fig. 1. Period hourly lighting-plug submeter of the office building in Shanghai (Apr.10th ~ Jun.18th). 
Table 1. Key description of the real office building in Shanghai. 
Type of 
building Floor High (m) Area (m2) Opening time HVAC 
Energy 
type 
Complex 
building 
Shopping mall 
(F1-4),Office 
(F5-34) 
150 68330 Shopping mall: 9:00~22:00 full year; Office: 9:00-17:00 Weekday 
Chiller, Boiler; AHU(1-
4), FCU+DOAS(5-34) Electric 
Table 2. Lighting-plug submeter mean daily energy consumption of the office building. 
Day type (No.) Weekday (0) Weekend (1) Holiday (2) Spring festival (3) 
Mean daily energy consumption (kWh/day) 10304 6927 6719 6594 
1709 Ying Ji and Peng Xu /  Procedia Engineering  121 ( 2015 )  1705 – 1712 
3.2. Special Fourier series model for lighting-plug submeter 
On the basis of the general model illustrated in section 2, specific Fourier series model to calculate hourly 
lighting-plug submeter is set up in this section by stepwise regression with full year cycle and hour frequency 
measured data as the training data. Stepwise regression process of the real office building is shown in Table 3. In the 
table partial R² items larger than 0.001 are marked with bold red font. As shown in table 3, it is undoubtedly the fact 
that the most important variable is ‘h’ and the influence of ‘d’ is small enough to be ignored. In this research, for this 
office building the following frequencies are important CH1, SH1, SH3, CH2, SH4 and SH5. 
Table 3. Stepwise regression result of lighting-plug submeter in the office building. 
No. Variable R² Partial R² CV (%) 
1 a —— —— —— 
2 SH1 0.3199 0.3199 32.75 
3 CH1 0.9468 0.6269 9.16 
4 SH2 0.9469 0.0001 9.15 
5 CH2 0.9521 0.0052 8.69 
6 SH3 0.9799 0.0278 5.63 
7 CH3 0.9803 0.0004 5.58 
8 SH4 0.9834 0.0031 5.12 
9 CH4 0.9836 0.0002 5.09 
10 SH5 0.9851 0.0015 4.84 
11 CH5 0.9854 0.0003 4.81 
12 SH6 0.9854 0.0000 4.81 
13 CH6 0.9859 0.0005 4.71 
14 SD1 0.9860 0.0001 4.70 
15 CD1 0.9863 0.0003 4.65 
16 SD2 0.9869 0.0006 4.55 
17 CD2 0.9869 0.0000 4.55 
18 SD3 0.9878 0.0009 4.39 
19 CD3 0.9878 0.0000 4.38 
20 SD4 0.9878 0.0000 4.39 
21 CD4 0.9878 0.0000 4.38 
22 SH1*SD1 0.9881 0.0003 4.38 
23 SH1*CD1 0.9889 0.0008 4.17 
24 CH1*SD1 0.9889 0.0000 4.17 
25 CH1*CD1 0.9896 0.0007 4.03 
 
Considering the regression result, lighting-plug submeter calculating model for this office building is established 
finally (see equation (6)). This model nearly covers all possible items whose partial R² larger than 0.001 and keeps 
simple structure because only variable ‘h’ is chosen. This model is suitable for both working days and non-working 
days. The training model R² is 0.98 and CV values (calculated by equation (3)) are not larger than 5%. It can be seen 
that some frequencies in equation (6), such as SH2, CH3 CH4 and CH5 are not important and they still not be 
removed, which are kept mainly for the purpose of maintaining a simple model structure and improving the 
accuracy of the model to some extent. 
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4. Case analysis 
HVAC end-use hourly energy consumption indirect submetering is described exhaustively in this section. Our 
concern is the indirect submetering accuracy of HVAC end-use in running time, so we first define what is HVAC 
system running time. Different companies’ work hours are not always the same and some people may arrival at 
earlier or leave later. Taking above conditions into account, the HVAC running time in this office building is 
defined from 8:00 a.m. to 6:00 p.m. 
4.1. Lighting-plug submeter energy consumption modeling 
The results of hourly lighting-plug submeter training models and calculating models of the office building is 
summarized in Table 4. To evaluate the results, two evaluation criteria R² and CV are considered in each model. The 
R² value is 0.987 and CV value is smaller than 5% for work days, while for ‘Weekend+Holiday’ the result is a little 
worse. Calculating model results are also very good. The CV value of the calculating model in HVAC system 
working time is 4.8%. Although the result of ‘Weekend+Holiday’ model is not so satisfying, it is still acceptable on 
account of non-workdays is not the focus of this study. 
Table 4. Result of lighting-plug subentry energy consumption training model and calculating model of the office building analyzed in this study. 
Period Training data Calculating data Day type Training model R² 
Training 
model CV 
(%) 
Calculating 
model CV (%) 
2013.01.01-
12.31 
Lighting-plug 
subentry data without 
HVAC end-use in 
transition season 
Lighting-plug subentry data 
in heating 
season(12/01~03/31) and 
cooling season(06/01~09/30) 
Weekday 0.987 4.3 4.8 
Weekend+Ho
liday 0.766 10.5 10.7 
4.2. HVAC end-use energy consumption indirect submetering 
The measured data and calculated data of hourly HVAC end-use energy use of the office building are illustrated 
in the top part of Fig. 2. The hourly HVAC end-use energy use disaggregation result is presented in Table 5. To 
evaluate the result, two evaluation criteria CV and MRE are considered. Considering Table 3 combined with Fig. 5, 
it can be seen that the disaggregation result is satisfying. The CV value is 7.38% and MRE is just 5.56%. The 
relative error of hourly HVAC end-use energy use disaggregation model is distributed in the bottom part of Fig. 5. 
And the proportions of data points within particular error range are listed in Table 6. The proportion of data points 
whose relative error is within 10% is 80%. If the relative error range is extended to 20%, the proportion even 
reaches 97%. 
From Fig. 2, Table 5 and Table 6, it is also can be concluded that disaggregation result in cooling period is better 
than that in heating period. For this phenomenon two reasons are obtained through investigation and analysis. 1) The 
intermittent operation of HVAC end-use is more frequent in heating period than cooling period. 2) Other kinds of 
electric heating equipment are used sometimes in heating period. 
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Fig. 2. Result of HVAC end-use disaggregation from lighting-plug subentry. 
Table 5. Result of HVAC end-use energy consumption disaggregation of the office building analyzed in this study. 
Period Time 
End-use Disaggregation (%) 
Total Heating period Cooling period 
CV MRE CV MRE CV MRE 
2013.01.01-2013.03.31; 
2013.06.01-2013.09.31; 
2013.12.01-2013.12.31. 
Weekday:8:00-
18:00 7.4 5.6 11.4 8.9 4.2 3.3 
 
Table 6. Relative error analysis of HVAC end-use energy consumption disaggregation of the office building analyzed in this study. 
Number of data 
Proportion (%) 
RE≤5% RE≤10% RE≤15% RE≤20% RE≤25% RE≤30% 
Total 1837 60 80 91 97 99 99 
Cooling period 935 82 97 99 99 100 100 
Heating period 902 37 63 83 94 99 99 
 
5. Conclusions 
The specific Fourier series model for submeter HVAC end-use indirectly is set up in this paper. It is five 
frequencies standard Fourier series model with variable ‘h’ (see equation (6)). The result is very accurate. MRE 
value is within 6%. The choosing method of physically meaningful day types and the stepwise regression technique 
of model training have been instrumental in achieving high disaggregation accuracy and simple model structure. To 
expand the application range of the model developed in this paper, more buildings of office type and more other 
building types in Shanghai and in other parts of the world should be studied in the future research. 
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